Abstract: This paper provides an annular groove Magnetorheological(MR) brake. Bingham model is used to describe the constitutive behavior of MR fluids subject to an applied magnetic field. The theoretical analysis of the shear flow and braking torque of MR fluid between two parallel annular disks in annular groove MR brake is presented. The performance experimental system of brake is established to test the properties of annular groove MR brake. Based on the braking torque equation, the expression for the minimum active fluid volume and gap of MR fluid exposed to the magnetic field between two parallel annular disks is derived to provide the theoretical foundation for the key geometric design in annular groove MR brake. Based on the function of brake, the design elements and methods of an annular groove MR brake are established. The results indicate that the braking torque greatly influenced by the magnetic flux density. Under the premise of given braking torque, the speed and control torque ratio, a designer can select the MR fluids, calculate the effective gap and volume, draw the desired function diagram.
Introduction
MR brake is a device that provides the braking torque by the shear stress of the MR fluids. Based on the MR technology, the braking torque can be controlled by applied magnetic field. Much research has been devoted to working principle, performance and design methods of MR transmission. Huang [1] investigated the working principle of cylindrical MR brakes and the mechanical model of MR brake has been established to analyzes the torque transmission capability of brake. Ameen H. El-Sinawi [2] studied the modeling and control of MR damper. Song Chen [3] has analysis the relationships between shear yield stress, magnetic field, size, and volume fraction of MR fluid in two parallel discs are established based on the chain structure of magnetic particle under applied magnetic field. Using magnetically conductive and non-conductive rings a serpentine flux path has been developed to weave the magnetic flux through the MRF by Doruk Senkal [4] . Tran Hai NAM [5] has proposed a new approach to increase the weak force in shear mode by the application of a large size magnetic particle which is a small steel roller. Kerem Karakoc [6] reported the method for designing the automotive MR brake. Jin Huang [7] analyzed the MR shear transmission driven by shape memory alloy spring. The MR brake and MR clutch have been studied by many investigators in recent years. However, few studies have been reported on the effective volume and effective working gap of annular groove MR brake. Based on the rheological properties of MR fluid, the working principle of annular groove MR brake was proposed in this study. This study aims to establish the key geometric of annular groove working gap in MR brake based on flow and transmission equation of MR fluid. Based on the brake function, the design method of the annular groove MR brake is established.
Braking torque

Operational principle
The schematic of the annular groove MR brake is shown as Fig.1 . The MR fluid is filled with the working gap between the fixed disk and the Rotating disk in the brake. MR fluid is formed like a ring during operation of brake, the surface of the ring perpendicular to the axis of rotation. In the absence of an applied magnetic field, MR fluid flow freely and exhibit Newtonian-like fluid behavior. The torque transmitted by the viscous stress of the MR fluid in the brake is much smaller so that the suspended particles of the MR fluid cannot restrict the rotating disk motion of the brake. However, in the course of operation, a magnetic flux path is formed when electric current is put through the coil-assembly. As a result, the MR particles are gathered to form chain-like structures, in the direction of the magnetic flux path. These chain-like structures increase the shear stress of the MR fluid. With the increase of the applied magnetic field, the shear stress and the torque developed by the MR fluid go up rapidly. The amount of torque can be adjusted continuously by changing the input current. (4) where h is the gap between two parallel circular discs. ω is the rotational velocities of the rotating disk.
Upon application of a magnetic flied, MR fluids exhibit a Bingham plastic behavior. In this model, the flow of MR fluid is governed by Bingham's equations [1] : The torque transmitted by the annular groove MR brake is calculated by integrating the shear stress of the MR fluid, as follows:
where R 1 and R 2 are the actual inner and outer radius of the rotating disk in the MR fluid exposed to the magnetic field, respectively. Eqs. (4), (5), (6) and (7) can be mathematically manipulated to yield the torque as follows:
Eq.(8a) suitable for MR transmition under application of weak and moderate magnetic field strength. When exposed to a strong magnetic field, the columnar structures of MR particles resulting in reduced effective radius of working gap in annular groove MR brake. Upon application of a strong magnetic field, the braking torque can be revised as R are the effective inner and outer radius of the MR fluid exposed to the magnetic field, respectively.
Key geometric dimensions
The minimum active fluid gap e h and effective diameter of working gap are key geometric dimensions of annular groove MR brake. Eq.(8b) shows that the maximum braking torque of annular groove MR brake consists of two parts when magnetic reaches saturation. The two parts of maximum torque developed by MR fluid are ), the desired control torque ratio λ , and the rotational velocity of the brake ω .
The necessary active volume induced by MR effect between two parallel discs is ) ( 
Conclusions
(1) Based on the rheological properties of MR fluid, the shear flow and braking torque of MR fluid between two parallel annular disks in annular groove MR brake is analyzed. The performance experimental system of brake is established to test the properties of annular groove MR brake. The braking torque is increased with the increase of magnetic flux density.
(2) The expression for the minimum active gap of MR fluid exposed to the magnetic field between two parallel annular disks is derived. The necessary active volume of MR fluid between two parallel discs of the brake in case of certain braking torque is obtained.
(3) The design elements and methods of an annular groove MR brake are established to analyses the anticipated performance of annular groove MR brake.
